Little is known about the influence of different forms of added sugar intake on diet quality or their association with obesity among youth. Dietary intake was assessed by three 24-h recalls in 613 Canadian children (aged 8-10 years). Added sugars (mean of 3-day intakes) were categorized according to source (solid or liquid). Dietary intake and the Canadian Healthy Eating Index (« HEI-C ») were compared across tertiles of solid and liquid added sugars separately as were adiposity indicators (body mass index (BMI), fat mass (dual-energy X-ray absorptiometry), and waist circumference). Cross-sectional associations were examined in linear regression models adjusting for age, sex, energy intake, and physical activity (7-day accelerometer). Added sugar contributed 12% of total energy intake (204 kcal) on average, of which 78% was from solid sources. Higher consumption of added sugars from either solid or liquid source was associated with higher total energy, lower intake of micronutrients, vegetables and fruit, and lower HEI-C score. Additionally liquid sources were associated with lower intake of dairy products. A 10-g higher consumption of added sugars from liquid sources was associated with 0.4 serving/day lower of vegetables and fruit, 0.4-kg/m 2 higher BMI, a 0.5-kg higher fat mass, and a 0.9-cm higher waist circumference whereas the associations of added sugars from solid sources and adiposity indicators tended to be negative. In conclusion, higher consumption of added sugar from either solid or liquid sources was associated with lower overall diet quality. Adiposity indicators were only positively associated with added sugars from liquid sources.
Introduction
A healthy diet is essential for normal growth in children and adolescents, and helps prevent obesity and related chronic diseases (Committee on Food Marketing and the Diets of Children and Youth 2006). Although Canadian youth consume adequate amounts of most nutrients, insufficient intake of some essential micronutrients is still evident. For example, the prevalence of inadequate vitamin A, magnesium, zinc, and phosphorus ranges between 10%-30%, and even as high as 67% for calcium among Canadian youth aged 9 to 13 years (Health Canada 2012) . Childhood obesity has become a major public health concern around the world. In Canada, 8 .0% of children aged 6 to 11 years and 9.4% of adolescents aged 12-17 years are classified as obese (age-and sex-specific body mass index (BMI) ≥95th percentile) (Roberts et al. 2012) . In recent decades, diets across the world are sweetening, with dramatic increases in the consumption of added sugars (Popkin and Nielsen 2003) . American children aged 9 to 13 years consumed as high as 419 kcal of added sugar per day (National Cancer Institute 2014) . Based on the data from 2004 Canadian Community Health Survey, boys aged 9 to 13 years consumed 620 kcal of total sugars per day (which contributed 25.3% of their daily calories), while teenage boys aged 14 to 18 years consumed the highest amount of total sugars among all age groups (688 kcal/day), with regular soft drinks as their primary source (Langlois and Garriguet 2011) .
Although recent United States data show declines in the consumption of added sugars, the average intake remains high in youth (Welsh et al. 2011) . Added sugars are defined as caloric sweeteners added in the processing or preparation of foods and beverages (Johnson et al. 2009 ). More than 60% of daily added sugar intake comes from solid food (Langlois and Garriguet 2011) , and the top sources include grain-based desserts, dairy desserts, candies, and ready-to-eat cereals (National Cancer Institute 2014). Sugar-sweetened beverages (SSB) are the main liquid source of added sugars in youths' diet in North America (Guthrie and Morton 2000; Garriguet 2008a ). Flavoured milk is the other liquid source of added sugars that is particularly prevalent among school-aged youth. Among New York City public schools in 2009, chocolate milk accounted for approximately 60% of total milk purchased (Centers for Disease Control and Prevention (CDC) 2010).
There is evidence in some (Øverby et al. 2004; Joyce and Gibney 2008) but not all (Gibson 1993; Forshee and Storey 2001; Johnson et al. 2007; Rennie and Livingstone 2007) studies that higher intake of added sugars reduces micronutrient intake, displaces nutrient-dense foods, and is associated with obesity and weight gain in youth. Forshee et al., using data from the Continuing Survey of Food Intake by Individuals (1994 Individuals ( -1996 , reported that the role of added sugars in the diet quality of children and adolescents is inconsistent and small (Forshee and Storey 2001) . In addition, a longitudinal study of 1203 British children reported no association between SSB consumption at age 5 or 7 years and total fat mass at 9 years (Johnson et al. 2007 ). Previous studies relating added sugars to dietary intake and health outcomes generally study added sugars overall or only from liquid food sources (i.e., SSB and/or flavoured milk) (Johnson et al. 2009; Kynde et al. 2010) . Because most added sugars are from solid food sources, the importance of examining their role as well as SSB is recognized in a recent statement by the American Heart Association (Johnson et al. 2009 ). The present study was undertaken in a sample of Canadian children at risk of obesity in that at least one of their biological parents was obese. We studied the association of added sugar intake from solid and liquid food sources on overall diet quality and the associations between these 2 forms of added sugars and adiposity indicators.
Materials and methods

Study population
This study is a secondary data analysis of 630 children aged 8 to 10 years at baseline (2005) (2006) (2007) (2008) participating in the QUebec Adipose and Lifestyle InvesTigation in Youth (QUALITY) study. Methods for this study have been described in detail elsewhere (Lambert et al. 2012; Wang et al. 2013 Wang et al. , 2014 . Data were collected during a clinic visit followed by telephone contacts. The study was conducted according to the guidelines laid down in the TriCouncil Statement on Ethical Conduct of Research and all procedures involving human subjects were approved by the ethics review boards at Centre Hospitalier Universitaire Sainte-Justine and Laval University. Written informed consent was obtained from parents and assent was obtained from the children.
Dietary assessment
Within 8-12 weeks after the clinic visit, children's dietary assessment on 2 weekdays and 1 weekend day was performed by a registered dietitian through telephone interview. In all, 613 out of 630 children completed three 24-h dietary recalls. In this study, the United States Department of Agriculture (USDA) Database for the Added Sugars Content of Selected Foods (USDA 2006) was used as the main data source for added sugars. Values of added sugars for each food item were entered into CANDAT nutrient analysis software version 8.0 (Godin London Inc., London, Ont., Canada). All further dietary analyses, including food group creation and nutrient calculation, were undertaken using CANDAT, which bases food composition data on the Canadian Nutrition File version 2007b (Health Canada 2010 .
All food items were categorized by sources of added sugar into 24 food groups. Solid sources included added sugar from the following food groups: dairy and egg products; spices and herbs; fats and oils; poultry products; soups, sauces, and gravies; sausages and luncheon meats; ready-to-eat cereals; fruits; pork products; vegetables and vegetable products; nuts and seeds; beef products; fish and shellfish products; legumes and legume products; lamb, veal, and game; baked products; sweets; cereals, grains and pasta; fast foods; mixed dishes; and other snack foods. Liquid sources included SSB and flavoured milk (Wang et al. 2014) .
The Healthy Eating Index (HEI) is a measure of overall diet quality that assesses conformance to the Dietary Guidelines for Americans (Guenther et al. 2013 ). In Canada, a similar index of HEI-C 2009 (Woodruff and Hanning 2010) was adapted based on the latest dietary recommendation, Eating Well with Canada's Food Guide (Katamay et al. 2007 ). This HEI-C 2009 directly listed the scoring scheme for 9-to 13-year-old youth, which includes 9 components with a continuous score assigned to each component, for a maximum score of 100. One of its components, "other foods" (10% of total score), mainly comprises foods rich in added sugars or solid fats, which contribute excess calories and may displace nutrient-dense foods from the diet. An overall higher score indicates closer conformity with Canada's Food Guide, and a "good diet" is defined as HEI-C score ≥80 points (Glanville and McIntyre 2006) .
Adiposity assessment
Height, measured using a stadiometer with participants standing against a wall and looking straight ahead, was recorded to the nearest millimetre during maximal inspiration. Weight was measured to the nearest 0.1 kg using an electronic scale, with participants wearing light indoor clothing and no shoes. BMI was calculated as weight (kg)/height (m 2 ) and age-and sex-specific BMI z scores were determined using the growth charts published by the United States CDC (Ogden et al. 2002) . Dual-energy X-ray absorptiometry (DXA) (Prodigy Bone Densitometer System, DF+14664, GE Lunar Corp., USA) was used to assess fat mass. Waist circumference was measured using a standard tape at the middistance between the last floating rib and the iliac crest at the end of a normal expiration.
Physical activity assessment
To obtain objective measures of physical activity, children wore a uniaxial activity monitor (Actigraph LLC, Pensacola, Fla., USA) for a 7-day period following the clinic visit. The accelerometer was worn for a mean of 13.4 h daily and recorded as counts per minute (Corder et al. 2007) . Being consistent with current procedures used by the Canadian Health Measures Survey (Colley et al. 2011) , days were excluded when the accelerometer was worn for less than 10 h and data from subjects who had worn the accelerometers for less than 4 days were excluded. Ninety-seven percent of children had more than 4 days of accelerometer data, which has been shown to ensure adequate reliability (Puyau et al. 2002) . Actigraph accelerometers have been validated against activitybased energy expenditure assessed by doubly labelled water in 9-year-old children (r = 0.58) (Ekelund et al. 2001 ).
Statistical analysis
The calculated mean intake values from 3 recalls were used in the analyses. The distribution of added sugars from solid and liquid food sources was described as the percentage of total added sugars. Participants were categorized according to tertile based on the grams of added sugars consumed from solid or liquid food sources. Daily average intake of nutrients (total energy, percentage of energy from protein, fat and carbohydrate, calcium, vitamins A and D), 2 food groups (milk and dairy products, vegetables and fruit) and total HEI-C scores were compared across tertile of added sugars from solid and liquid food sources separately using ANOVA. 2 tests were used to compare the percentage of consuming a good diet across added sugar tertiles. Post hoc multiple comparisons were performed using Duncan and Dunnett's T3 for equal and unequal variances, respectively. All nutrients and food groups were adjusted for total energy by expressing quantities per 1000 kcal of intake. Multivariate linear regression analyses were used to study the associations between added sugar consumption (10 g) from solid and liquid food sources, respectively, and outcome variables of vegetables and fruit, BMI, fat mass, and waist circumference after adjustment for age, sex, energy intake, and physical activity. All conditions of linear regression analyses have been met (e.g., independence, linearity, and normality). Residual plot analysis was used as a sensitivity analysis for the regression models. Bonferroni correction (Gelman et al. 2012 ) was also used for adjusting the multiple comparisons (P < 0.004). Regression calibration (Spiegelman et al. 1997; Hardin et al. 2003 ) was used to adjust for within-person variation and potential measurement errors by including added sugar intake on 3 individual days. All statistical analyses were conducted using STATA version 11.0 (StataCorp LP, College Station, Tex., USA).
Results
The demographic and dietary characteristics of QUALITY participants were listed in Table 1 . They consumed 51 g/day of added sugars on average, which provided 12% of total energy intake (204 kcal). Overall, 78% of added sugars came from solid food sources O the top 4 sources were sweets (contributed 29% of added sugars), baked products (25%), ready-to-eat cereal (6%), and other snack foods (4%). The other 22% of added sugars came from liquid sources (SSB and flavoured milk).
Compared with children in the lowest tertile of added sugars from solid food sources (Table 2) , those in the highest tertile had statistically significantly higher intakes of total energy and percentage of energy from carbohydrate, as well as lower intakes of % energy from protein, phosphorus, and magnesium. In addition, higher consumption of added sugars from solid food sources was associated with a lower intake of vegetables and fruit, lower total HEI-C scores, and a lower percentage of participants with a good diet. No statistically significant differences were detected for other nutrients or for milk and dairy products.
Compared with children in the lowest tertile of added sugars from liquid food sources (Table 3) , those in the highest tertile had significantly higher intakes of total energy and percentage of energy from carbohydrate, as well as significantly lower intakes of percentage of energy from protein, calcium, phosphorous, magnesium, and vitamins A and D. In addition, higher consumption of added sugars from liquid food sources was associated with lower intakes of the 2 food groups (milk and dairy products, vegetables and fruit) and lower total HEI-C scores and a lower percentage of participants with a good diet.
The multivariate linear regression models (Table 4) indicate that each additional 10 g of added sugars from solid sources was associated with a 0.3 servings/day lower of vegetables and fruit. A negative association was detected between consumption of added sugars from solid food sources and total fat mass, while a trend of negative association was observed with BMI and waist circumference as well. Consumption of each additional 10 g of added sugars from liquid food sources was associated with 0.4 serving/day of lower vegetables and fruit, a 0.4-kg/m 2 higher BMI, a 0.5-kg greater fat mass, and a 0.9-cm higher waist circumference, respectively.
Discussion
The present study examined added sugars from both solid and liquid food sources in a sample of Canadian children at risk of obesity. The results suggest that higher consumption of added sugars from either solid or liquid food sources was associated with higher energy intake and lower overall diet quality. Higher consumption of added sugars from liquid food sources was also associated with lower intake of milk and dairy products (and related nutrients including calcium and vitamins A and D). Positive associations with adiposity indicators were observed with consumption of added sugars from liquid food sources only.
Previous studies of added sugar have focused mainly on its liquid food sources (e.g., SSB). As solid food sources also contribute a significant amount of added sugars (e.g., more than 60% among Canadian youth (Langlois and Garriguet 2011) ) and the lack of studies examining the potential differences of consuming added sugars from solid versus liquid foods, this partition of sugars was of particular interest. To date, the only other study in youth that examined dietary intake and its association with consuming added sugar from different food sources reported that consumption of pre-sweetened cereals increased the likelihood of reaching Dietary Reference Intakes for some essential shortfall micronutrients (calcium, folate, and iron), whereas consumption of SSB, candies, sweets, and sweetened grains decreased the likelihood of meeting the recommended levels for these nutrients (Frary et al. 2004) . Our study combined all solid food sources of added sugars and found that similar to liquid sources, a higher consumption of solid added sugars was associated with a lower overall diet quality, lower percentage of energy from protein as well as lower intake of micronutrients and vegetables and fruit. While specific food vehicles, such as fortified breakfast cereal, may contribute positively to overall diet, a small proportion of added sugar came from breakfast cereals in our study. In addition, our results indicated that those children with higher added sugar intake also consumed more energy overall but with decreased nutrient density. In addition, our findings are consistent with previous studies ( Note: Different lowercase letters in the same row indicate statistically significant difference among groups using ANOVA (P < 0.05) and the letters a, b, c are marked from the lowest to the highest value. HEI-C, Healthy eating index - Canada (2009; Woodruff and Hanning 2010) . Note: Different lowercase letters in the same row indicate statistically significant difference among groups using ANOVA (P < 0.05) and the letters a, b, c are marked from the lowest to the highest value. HEI-C, Healthy eating index - Canada (2009; Woodruff and Hanning 2010) . Vartanian et al. 2007; Libuda et al. 2009; Collison et al. 2010) , showing that higher consumption of added sugar from liquid sources (mainly SSB) is linked to higher energy intake, lower consumption of essential micronutrients, and lower overall diet quality in youth. A cross-sectional analysis of 1112 Spanish children aged 6 to 7 years suggested that higher consumption of SSB was associated with higher energy intake, lower consumption of milk, calcium, and lower HEI score (Rodriguez-Artalejo et al. 2003) . Another analysis of dietary data from 7156 three-day weighed records in 1069 German youth aged 2 to 19 years found that SSB consumption was associated with decreased micronutrient intakes (i.e., calcium and folate) as well as protein intake and total diet quality (Libuda et al. 2009) . A recent analyses of over 9400 youth aged 10 to 19 years indicated a higher intake of SSB is associated with poor dietary choices (more fast foods and less vegetables and fruit) (Collison et al. 2010) . Studies examining the association between consumption of added sugars and adiposity indicators in youth remain inconclusive. Over the past 10 years, a large number of observational studies including our own findings using QUALITY data (Wang et al. 2013 ) report positive associations between SSB consumption and higher risk of adiposity in both youth and adults (Malik et al. 2013) . One cross-sectional analysis of nationally representative children aged 2-18 years (n = 10 038) from the Canadian Community Health Survey 2.2 indicated that boys aged 6-11 years whose beverage pattern characterized by soft drink had a higher prevalence of overweight and obesity (odds ratio 2.3) compared with the lower intake group, after adjusting for various confounders. But this beverage-weight association was not found among other age/ sex groups (Danyliw et al. 2012) . Several recent studies in youth reported negative findings with consumption of SSB or solid added sugars (from either candy or sweets) or total added sugars. For example, a cross-sectional analysis of 11 181 youth aged 2 to 18 years from the National Health and Nutrition Examination Survey (NHANES) (1999) (2000) (2001) (2002) (2003) (2004) found that candy consumers were 22% and 26% less likely to be overweight or obese than nonconsumers . In an analysis of 3136 youth aged 6 to 18 years from NHANES (2003 NHANES ( -2006 , Nicklas et al. (2011) reported no significant associations between intake of total added sugars and adiposity indicators (i.e., BMI z score, waist circumference) with adjustment for age, sex, race, total energy intake, and physical activity. In our study, we found a cross-sectional association between higher added sugar intake from liquid food source and greater adiposity. Because of the cross-sectional design of this study, the direction of the effect of the sugar-adiposity associations is not clear and it could be that some parents limit some foods in heavier children. Added sugar from different solid sources was combined in our study and in future studies one might wish to examine different types of solid foods. There were a small number of trials indicating that the sugar in liquid form generally produces less satiety and incomplete energy compensation than sugar in solid form, and thus contributes to positive energy balance and a higher risk of weight gain (DiMeglio and Mattes 2000; Pan and Hu 2011) . But considering the evidence of satiety and energy intake from short-term studies is equivocal, more randomized controlled trials of sufficient size and duration are clearly needed to further explore the potential mechanism between sugar intake (liquid vs. solid) and adiposity (Saris 2003; van Baak and Astrup 2009) .
The QUALITY cohort study included children at risk of obesity, and had a sizable population of heavy children to study. The results may not be generalizable to the entire population, as youth living in households with an obese parent may have a different food environment, but given the current obesity rates in Canada, this home environment of 1 obese parent is not unusual. The recruitment from schools rather than clinics also helps to enhance the generalizability. The data for this study used measures of three 24-h dietary recalls, several measures of adiposity (including fat mass measured by DXA), and was able to control for physical activity measured by 7-day accelerometry. The food coding in the dietary recall questionnaire enabled us to adjust for total energy intake, create food groups, and estimate added sugar values from both solid and liquid food sources. Although it is better than single dietary recall, this short-term recall may still limit the reliability on long-term usual intake patterns (Beaton et al. 1979) . As a global indicator to evaluate overall diet quality, the HEI-C provided advantages over other methodologies at the population level (Kant 1996; Dubois et al. 2000) , although it may be limited by the similar weighting factor (10 points) for each component (except for "vegetables and fruit", 20 points) (Woodruff and Hanning 2010) . Canadian Nutrition File provides data on total sugars only, without distinguishing whether it is intrinsic to the food or added. The estimation of added sugar values was taken from the USDA, which recently removed the Added Sugar Database from its Web site because of constant changes in formulations for a large number of commercial and multi-ingredient foods. Considering there is no better added sugar database, we and others (Kell et al. 2014) chose to make use of this Added Sugar Database. Although under-reporting is prevalent among self-reports of dietary surveys among both older youth and adult populations (Garriguet 2008b) and particularly "unhealthy" foods rich in fat and/or added sugars are more frequently underestimated (Lafay et al. 2000) , estimates of under-reporting are difficult to quantify in younger children.
No specific guideline for children was made yet on the recommended consumption level of added sugars. Considering for this potential knowledge gap for youth, our study was designed to provide some preliminary evidence on the relationship between added sugar consumption from solid versus liquid food sources, diet quality, and obesity. Regarding to the potential adverse effects of consuming excessive added sugars on micronutrient dilution and health (Hess et al. 2012) , the Beverage Guidance Panel (initiated by Dr. Barry M. Popkin in the United States) has recommended limiting SSB intake for the general population in the United States (Popkin et al. 2006) . In fact, more than 30 national and subnational governments have made efforts to restrict the availability of SSB in schools (Hawkes 2010; Mâsse and de Niet 2013) , including voluntary actions taken by some beverage companies (Storey 2010) . Per capita intake of milk decreased from 605 to 472 mL) per day between 1989 and 2008 in American children (Lasater et al. 2011) . Although several recommendations or policies related to the regulation of flavoured milk have been announced, no definite agreement has been reached. Food and Nutrition Service in the United States published Nutrition Standards for School Meals allowing schools to offer flavoured milk if it is fat-free (Food and Nutrition Service 2014). In addition, Recommended Community Strategies published by the CDC require licensed child care facilities in local jurisdictions to ban SSB (including flavoured milk) (Khan et al. 2009 ), as does the Los Angeles Unified School District Board of Education, which has voted to remove flavoured milk from schools (Los Angeles Unified School District 2011).
In conclusion, higher consumption of added sugars from either solid or liquid food sources is linked to a lower diet quality in children. Liquid, but not solid added sugars were positively associated with adiposity indicators. Further longitudinal and clinical trial studies are encouraged, especially for examining added sugars from different solid foods, considering that there is still no recommendation specifically for children and adolescents who are the highest consumers of added sugar.
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